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Electron and hole Hong-Ou-Mandel interferometry
T. Jonckheere,∗ J. Rech, C. Wahl, and T. Martin
Centre de Physique The´orique, Aix-Marseille Universite´,
CNRS UMR 7332, Case 907 Luminy, 13288 Marseille cedex 9, France
(Dated: December 2, 2018)
We consider the electronic analog of the quantum optics Hong-Ou-Mandel interferometer, in a
realistic condensed matter device based on single electron emission in chiral edge states. For electron-
electron collisions, we show that the measurement of the zero-frequency current correlations at the
output of a quantum point contact produces a dip giving precious information on the electronic
wavepackets and coherence. As a feature truly unique to Fermi statistics and condensed matter,
we show that two-particle interferences between electron and hole in the Fermi sea can produce a
positive peak in the current correlations, which we study for realistic experimental parameters.
PACS numbers: 73.23.-b, 72.70.+m, 42.50.-p
I. INTRODUCTION
The Hong-Ou-Mandel (HOM) interferometer is a cel-
ebrated tool of quantum optics, where two photons are
sent on the two input channels of a beam splitter, while
measuring the coincidence rate at the two outputs1. A
dip is observed when the photons are identical and ar-
rive simultaneously at the splitter, as they necessarily go
to the same output because of bosonic statistics. Mea-
suring this dip can give access to the time difference
between the photons, and to the length of the photon
wavepacket2. Since the first HOM experiments, many
works have used this interferometer, e.g. to character-
ize single photon sources and photon indistinguishabil-
ity3–5, to demonstrate the control of interferences with a
resonant cavity6,7, to perform interference between two
photon pairs8, etc.
Single electron sources in condensed matter physics
are now available: electrons can be emitted periodically
into edge states of the quantum Hall effect (QHE)9–11.
Such sources open the way to performing analogs of
quantum optics experiments, such as Hanbury-Brown
Twiss (HBT) interferometry12,13. As electrons obey the
fermionic statistics, and are subject to Coulomb inter-
actions, one expects to observe fundamental departures
from photon measurements. In particular, electron va-
cancies in the Fermi sea (the set of low energy states
filled with electrons) create “holes”, which have a charge
opposite to that of the electron. In two-fermion interfer-
ence experiments, it is essential to understand the role of
the Fermi sea, of electron/hole pair creation and propa-
gation.
The electronic analog of the HOM experiment in con-
densed matter has so far eluded a complete theoretical
description14–18. Contrary to photons, two identical elec-
trons arriving simultaneously at the splitter exit in two
opposite channels because of Fermi statistics. Surpris-
ingly, this leads to a signature similar to that of photons,
albeit on a different physical quantity. For electrons, it
is the current-current cross-correlation at zero frequency
which exhibits a dip (in absolute value, as cross corre-
lations are negative) when the time difference between
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FIG. 1. (Color online) The device. Two chiral edge states
meet at a quantum point contact. In each edge state, a sin-
gle electron source injects an electron when a time-dependent
voltage V (t) is applied at the source. Cross-correlations at the
two outputs are measured as a function of the time difference
between the electrons which are emitted by each source.
the electrons is varied. Using analytical calculations de-
scribing a realistic model of the emitter, we show that
two-electron interferences bear strong similarities with
that of photons. The shape of the dip provides valu-
able information on the wavepackets. We next consider
the case of interferences between an electron and a hole,
which has no counterpart with photons: positive inter-
ferences (a peak rather than a dip) are obtained, which
depend on the energy overlap between the electron and
hole wavepackets, and which is strongly affected by tem-
perature.
This article is organized as follows. In section II,
we describe the setup and the formalism of our calcu-
lations. Section III is devoted to the results we obtain
for electron-electron collisions. In section IV, we consider
the case of a collision between a hole and an electron, and
conclusions are given in section V.
2II. SETUP AND FORMALISM
In Fig. 1, two counter-propagating edge states meet
at a quantum point contact (QPC).17 A single electron
emitter is connected to each incoming edge state, and
single electrons can be injected with a controlled time
difference in the two edge states. The current correla-
tions are measured at the two output of the QPC, as
a function of the time difference between the two injec-
tions. In existing experiments, the emission of a single
particle is repeated periodically9,10,19.
The zero-frequency current correlations between the
outputs read:
Sout12 =
∫
dt dt′
( 〈
Iout1 (t)I
out
2 (t
′)
〉
− 〈Iout1 (t)〉 〈Iout2 (t′)〉 ) , (1)
where Iout1 (t) and I
out
2 (t) are the currents outgoing from
the QPC. With a linear dispersion, the currents depend
on x− t only (we set the Fermi velocity vF = 1), and we
compute the current at the immediate output of the QPC
(x = 0+, where for convenience, we use for each edge a
x-axis pointing in the propagation direction). The QPC
is described by its scattering matrix which expresses the
outgoing fields in terms of the incoming ones:(
ψout2 (t)
ψout1 (t)
)
=
(√T i√R
i
√R √T
)(
ψin2 (t)
ψin1 (t)
)
, (2)
where T and R = 1− T are the transmission and reflec-
tion probabilities. Expressing the currents operators at
the output of the QPC in terms of the incoming ones,
and dropping the in superscript gives
Iout1 (t) = T I1(t) +RI2(t) + ie
√
RT (ψ†1ψ2 − ψ†2ψ1)(t)
Iout2 (t) = RI1(t) + T I2(t)− ie
√
RT (ψ†1ψ2 − ψ†2ψ1)(t) .
Using these expressions in Eq. (1) allows us to express
the noise in terms of the incoming operators only20
Sout12 = RT (S11 + S22 −M) , (3)
where the first two terms are the autocorrelation noise on
the two incoming edges. The last term combines averages
on both incoming edges:
M = e2
∫
dtdt′
[
〈ψ1(t)ψ†1(t′)〉〈ψ†2(t)ψ2(t′)〉
+ 〈ψ†1(t)ψ1(t′)〉〈ψ2(t)ψ†2(t′)〉
]
. (4)
These averages are performed on the state |Ψ〉 of the
edges, and correspond to electronic coherence functions
which generalize the optical coherences20. The transmis-
sion T simply acts as a trivial prefactor for the current
correlations in Sout12 .
III. ELECTRON-ELECTRON COLLISIONS
In order to get analytical formulas for the HOM dip,
we perform calculations where a single electron, with a
given wavepacket, is added to each edge. These analytical
formulas are next compared with Floquet calculations for
a periodic source, where no simple analytical formulas
are available in our case (note that anayltical formulas
can be obtained in the case of a slow sinuoidal drive, see
Ref. 17).
When one electron with wavefunction φ1,2(x) is added
to each edge, the states describing the edges are:
|Ψ1,2〉 =
∫
dx φ1,2(x) ψ
†
1,2(x) |0〉 (5)
where |0〉 stands for the Fermi sea at temperature T of
the edge. In the case of identical wavepackets φ1(x)=
φ2(x)=φ(x), reaching the QPC with a time difference δt,
we get for the noise:
Sout12 (δt)
2SHBT = 1−
∣∣∣∣∣
∫∞
0
dk|φ(k)|2e−ikδt(1− fk)2∫∞
0
dk|φ(k)|2(1− fk)2
∣∣∣∣∣
2
(6)
where fk = 1/(1 + e
(k−kF )/T ) is the Fermi distribution,
φ(k) is the normalized wavefunction in momentum space.
SHBT is the noise in the HBT configuration, where only
a single electron is emitted towards the QPC13 :
SHBT = −e2RT
(∫∞
0
dk|φ(k)|2(1− fk)2∫∞
0
dk|φ(k)|2(1− fk)
)2
. (7)
Eq. (6) shows immediately that when the two identi-
cal electrons reach the QPC simultaneously (δt = 0),
the noise is zero, as expected from Fermi statistics. On
the other hand, for large values of δt (much larger than
the inverse of the typical width of φ(k)), the numerator
in Eq. (6) vanishes, and the noise is given by 2SHBT ,
the sum of the noise of the two electrons taken indepen-
dently. At low temperature, when the wavepacket φ(k)
has weight above the Fermi level only, the noise can be
simplified further:
Sout12 (δt)
2SHBT = 1−
∣∣∣∣
∫
dx φ(x)φ∗(x+ δt)
∣∣∣∣
2
. (8)
This expression is reminiscent of the one obtained in op-
tics, where the shape of the HOM dip is given by the
self-convolution of the photon wavepacket2.
Eqs. (6) and (8) are easily generalized to the case of
two different wavepackets. Specific formulas of the HOM
dip can be obtained analytically for different shapes
of wavepackets. We concentrate here on Lorentzian
wavepackets in energy space
φΓ(k) =
√
Γ√
pi
1
(k − k0) + iΓ (9)
3which corresponds to the emission by the discrete level
of a quantum dot at energy k0, as found in the single-
electron emitter. The real space profile of this wavepacket
is exponential (see Fig 1):
φΓ(x) =
√
2Γeik0xeΓxθ(−x) (10)
where θ(x) is the Heavyside function. The noise at zero
temperature for the case of two Lorentzian wavepackets,
centered at the same k0 but with different widths Γ1,2
reads:
Sout12 (δt)
2SHBT = 1−
4Γ1Γ2
(Γ1 + Γ2)2
[
θ(δt)e−2Γ1δt + θ(−δt)e2Γ2δt
]
,
(11)
when wavepacket 2 reaches the QPC at a time δt af-
ter wavepacket 1. A remarkable feature of this HOM
dip is its asymmetry: it has an exponential behavior,
with different time constants depending on the sign of
δt. The contrast of the HOM dip, 4Γ1Γ2/(Γ1 + Γ2)
2, is
smaller than 1, which reflects the fact that the two elec-
trons are not identical. The same contrast was obtained
in Ref. 17 for a periodic source with a slow sinusoidal
drive. It is only in the case of identical wavepackets
that a maximum contrast is recovered, and the HOM
dip has a simple exponential form 1 − e−2Γ|δt|. For ar-
bitrary wavepackets, Eq. (8) shows that the asymmetry
of the HOM dip is possible only if the wavepackets in
real space have no mirror symmetry. This is clearly the
case for exponential wavepackets, but it is not true for
instance for Lorentzians in real space. The asymmetry
in the HOM dip thus provides information on the spatial
symmetry of the electronic wavepackets.
We now compare Eq. (11) with the results of a Flo-
quet calculation including the emission process from the
single-electron emitters. This emitter is based on the
mesoscopic capacitor9,10,13. A complete description of
this system, and of the Floquet scattering theory is avail-
able19,21. A quantum dot is connected through a QPC
to the main edge state, and is capacitively coupled to a
gate. The dot has discrete energy levels, whose width
increases with the transparency of the QPC and with
temperature. A time periodic voltage V (t) on the gate is
used to create an oscillation of the dot levels. First the
highest occupied level is put far above the Fermi energy,
which causes the emission of one electron from the dot
to the main edge; second this (now empty) level is put
far below the Fermi level, which causes the emission of a
hole in the main edge. Several profiles of V (t) are possi-
ble. The one which yields optimal emission uses voltage
steps, with an amplitude equal to the level spacing of the
dot ∆. The electron is expected to be emitted with a
Lorentzian energy profile, which reflects the Lorentzian
density of state of the dot level.
The dot is described by its scattering matrix, and the
Floquet formalism is used to take advantage of the time
periodicity22 in order to compute the relevant quanti-
ties19. Fig. 2 compares the results for the HOM dip
with the analytical formula of Eq. (11). The period of
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FIG. 2. (Color online) HOM dips as a function of the time
difference δt, obtained from Floquet scattering matrix for-
malism in the optimal emission regime (full) and analyti-
cal predictions of Eq. (11) for exponential wavepackets (dot-
dashed). Upper panel: symmetric case, with emitter trans-
parencies D = 0.2, 0.5 and 0.8 (from outer to inner curve).
Inset: dips for D = 0.2 on two periods of the applied voltage.
Lower panel: asymmetric case, with transparencies D1 = 0.2,
D2 = 0.5 (bottom curve) and D1 = 0.1, D2 = 0.8 (top curve).
the applied voltage V (t) of the emitters is T0 = 400 (in
units of ~/∆), and temperature is chosen to be small
(T = 0.01∆). When V (t) consists of sharp periodic steps
(optimal emission) the emitting level is put alternatively
at energy +∆/2 and −∆/2 with respect to the Fermi
level. The upper panel shows the symmetric case, where
the two emitters have identical parameters. For three
different transparencies, we observe three different HOM
dips with a maximum contrast (the minimum value is 0
at δt = 0). The dip is broader for lower emitter trans-
parency, which signals a broader wavepacket, as the elec-
tron takes a longer time to exit the dot. For the emitter
operated in the optimal regime, it is known that the elec-
tron emission time as a function of the transparency D
is given by τ = (2pi/∆)(1/D− 1/2)19. We have used this
value of the emission time (with 2Γ = τ−1) to plot the
analytical predictions from Eq. (11) (dot-dashed curves).
The agreement is excellent, without any fitting parame-
ters, especially in the low transparency regime where it is
known that true single electron emission is achieved10,20.
In the asymmetric case (lower panel), as the emitted
electrons are not identical, the contrast is smaller than 1,
and the HOM dips are asymmetric. The agreement with
the analytical prediction is again very good, both for the
asymmetric shapes and for the value of the contrast.
4IV. ELECTRON-HOLE COLLISIONS
The results presented so far are quite similar to those
obtained with photons in optics. However, the exis-
tence of the Fermi sea allows to create holes in it, which
have no counterpart for photons. We study two-particle
interferences of electrons and holes, injecting one elec-
tron in one branch, with a state given by Eq. (5), and
one hole injected on the other branch, with a state
|Ψh〉 =
∫
dx φh(x) ψ(x) |0〉. We get for the noise:
Sout12 (δt) = −e2RT
[(∫∞
0 dk|φe(k)|2(1− fk)2∫∞
0 dk|φe(k)|2(1 − fk)
)2
+
(∫∞
0 dk|φh(k)|2f2k∫∞
0 dk|φh(k)|2fk
)2
+2
∣∣∫∞
0 dk φe(k)φ
∗
h(k)e
−ikδtfk(1− fk)
∣∣2∫∞
0 dk |φe(k)|2(1 − fk)
∫∞
0 dk
′|φh(k′)|2fk′
]
where the first two terms are the HBT noise of the in-
jected electron and hole respectively, and the third term
is due to the electron-hole interferences. For the physics
to be the most transparent, we consider in the follow-
ing the electron-hole symmetic case: φe(kF + δk) =
φh(kF − δk). In this case, the first two terms are equal
to SHBT (see Eq.(7)). The expression of the noise then
simplifies to a form similar to the electron-electron case:
Sout12 (δt)
2SHBT = 1 +
∣∣∣∣∣
∫∞
0 dk φe(k)φ
∗
h(k)e
−ikδtfk(1− fk)∫∞
0 dk |φe(k)|2(1− fk)2
∣∣∣∣∣
2
.
(12)
Comparing Eq. (12) with Eq. (6), we notice important
changes. First, the interferences contribute now with
a positive sign to the noise, i.e. the opposite of the
electron-electron case. Electron-hole interferences pro-
duce a “HOM peak” rather than a dip. Second, the value
of this peak depends on the overlap of the electron and
the hole wavepackets (φe(k)φ
∗
h(k)), times the Fermi prod-
uct fk(1−fk). This peak thus vanishes as T → 0 since it
requires a significant overlap between electron and hole
wavepackets, a situation which only happens in an en-
ergy range ∼ kBT around kF , where electronic states are
neither fully occupied nor empty.
Note that the many-body state |Ψe〉 (or |Ψh〉) created
by the application of the electron creation (or annihila-
tion) operator as in Eq. (5) is quite complex when the
wavepacket φe(x) (or φh(x)) has an important weight
close to the Fermi energy. Indeed, due to the changes
imposed on the Fermi sea, many electron-hole pairs are
created, and the state is not simply one electron (or one
hole) plus the unperturbed Fermi sea. The appearance of
a positive HOM peak can be attributed to interferences
between these electron-hole pairs coming from the two
branches of the setup. It is quite remarkable that even-
tually, the peak can simply be computed from the overlap
of the electron and hole wavepackets (see Eq.(12)).
We now consider the observation of these electron-hole
interferences with realistic electron emitters using Flo-
quet scattering theory. The simultaneous arrival of an
electron and a hole at the QPC happens quite naturally
in this device. Indeed, each emitter emits periodically
an electron and then, half a period T0 later, a “hole”. If
one applies a time-shift T0/2 between the two emitters,
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FIG. 3. (Color online) Upper panel: electron (left) and hole
(right) emission process, for a square voltage drive, for the two
positions of the dot levels (values V+ and V− of the drive).
The position of the dot levels is parametrized by ǫ with respect
to EF . Bottom panel: HOM peak for electron-hole collision,
for a square voltage drive, at different level positions ǫ = 0.5,
0.4, 0.25 and 0 (in units of ∆) from the smallest to the largest
peak. T = 0.1∆ in both panels.
one expects that an electron from one emitter, and a hole
from the other one, will interfere at the QPC. The opti-
mal emission regime of Fig. 2 does not show any sign of
electron-hole interference, as can be seen in the inset of
this figure (no peak at t = T0/2). This is easily under-
stood from Eq. (12), as the electron (hole) wavepacket
is a Lorentzian peaked at energy ∆/2 (−∆/2), and the
overlap of the two wavepackets is negligible, even in the
totally transparent case.
We have considered two regimes where there is a sig-
nificant overlap between electron and hole wavepack-
ets, leading to observable electron-hole peak. In both
cases, we have used a small but non-zero temperature
T = 0.1∆, which is compatible with existing experimen-
tal values (typically ∆ ≃ 2K, and T ≃ 150 mK13). The
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FIG. 4. (Color online) HOM peak for electron-hole collision,
for a sine voltage drive, at different transparencies, D = 0.2,
0.5, 0.7 and 1.0 (smaller to larger peak), with T = 0.1∆.
first regime is the “resonant emission” regime, where the
applied voltage still consists of sharp steps with ampli-
tude ∆, but where the dot levels are shifted with respect
to the optimal emission regime (see the upper panel of
Fig. 3), such that there is always one dot level which is
resonant with the Fermi level of the edge (the dot lev-
els go back and forth between energies EF + n∆ and
EF+(n+1)∆, with n an integer). Electron and hole emis-
sion thus happens for an important part at the Fermi en-
ergy, which leads to a significant overlap between electron
and hole (see Eq.(12)), and to the creation of electron-
hole pairs23. The results for the HOM noise are shown
in the bottom panel Fig. 3, which have been computed
for an emitter with transparency D = 0.2. The differ-
ent curves span the different cases between optimal emis-
sion (negligible peak at t = T0/2) and resonant emission
(largest peak t = T0/2). This peak has shape similar to
the HOM dip, and it is due to the exponential profile of
the wavepackets in real space.
In the second regime the applied voltage has a sinu-
soidal dependence (V (t) = (∆/2) sin(2pit/T0)), rather
than steps. The main emitting dot level now has a time
dependence of the form ∼ EF + V (t), which also cre-
ates energy distributions for the emitted electron and
hole with substantial weight close to the Fermi energy.
This weight increases with the dot transparency13, and
one can thus expect that the HOM peak grows larger
for transparencies closer to 1. The result for the HOM
noise in this case is shown in Fig. 4 for different values of
D. We observe a small positive peak at t = T0/2 = 200
for the smallest transparency, which increases as D is in-
creased. For a totally transparent dot (D = 1), the peak
becomes as large as the HOM dip (for interfences pro-
cesses between two sinusoidal sources, see also Ref. 24).
V. CONCLUSIONS
In conclusion, the fermionic HOM interferometer ex-
hibits a dip in the zero-frequency current correlations
when two electrons collide. Through analytic calcula-
tions, we were able to relate the shape of the dip to the
properties of the electron wavepackets colliding. This
showed good agreement with the more realistic treatment
of the single-electron emitter via Floquet scattering the-
ory, which also allows to consider more experimentally
relevant situations. We showed that interferences be-
tween an electron and a hole in the Fermi sea, both close
to the Fermi energy, can produce an HOM peak, which
should be observable in future experimental setups in-
volving two emitters. Future work should address the
role of Coulomb interactions within the edge or between
the two edges at the location of the QPC.
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